Abstract High-performance ion chromatography and inductively coupled plasma-mass spectrometry methods have been applied to estimate the content of Cd, Co, Cu, Fe, Mn, Zn, and Ni in whole blood, plasma, and urine of obese and nonobese children. The study was conducted on a group of 81 Polish children of age 6-17 years (37 males, 44 females). Obese children were defined as those with body mass index (BMI) >95th percentile in each age-gender-specific group. Statistical testing was done by the use of nonparametric tests (KruskalWallis's and Mann-Whitney's U ) and Spearman's correlation coefficient. Significant correlations appeared for control group in plasma (Mn-Cd, Ni-Co), urine (Cu-Co), and blood (Fe-Cu), while for obese patients in plasma (Cd-Mn, Ni-Cu, Ni-Zn) and urine (Fe-Cd, Co-Mn). Sex criteria did not influence correlations between metals' content in plasma and urine of obese patients. Metals' abundance was correlated in noncorresponding combinations of body fluids. Rare significant differences between content of metals according to sex and the type of body fluids were discovered: Zn in plasma from obese patients of both sexes, and Zn, Co, and Mn in blood, Mn in plasma from healthy subjects. Negative correlations between BMI and Zn in blood, Cu in plasma, and Fe in urine were discovered for girls (control group). Positive correlation between Co content in plasma and BMI was discovered for obese boys. The changes in metals' content in body fluids may be indicators of obesity. Content of zinc, copper, and cobalt should be monitored in children with elevated BMI to avoid deficiency problems.
Introduction
Childhood obesity has become a global epidemic with important consequences for the health of future generations [1] . Obesity is a common endocrine and metabolic disorder in children, teenagers (over 20 % of population of young people in Poland), and adults. It is a disease characterized by the increase in the body mass above the normal level because of excessive filling of already existing fat cells with triglycerides (hypertrophy) and/or forming new cells (hyperplasia). It is a very common change in a phenotype with a grave prognosis and severe negative medical and social effects [2] . The World Health Organization claimed that more than 10 % of the world's adult population was obese in 2008. In 2011, more than 40 million children under the age of 5 were overweight [3] . Obesity is associated with an increase in mortality and morbidity, including type II diabetes mellitus, cardiovascular, orthopedic, and respiratory disease [1, 4] . However, studies of Lloyd et al. [5] do not fully support the view that childhood obesity is an independent risk factor for adult metabolic syndrome or type II diabetes. Moreover, according to the authors, those who are at the lower end of the body mass index (BMI) range in childhood but continue to be obese during adulthood seem to be at particular risk of metabolic syndrome.
Recently, our knowledge on abundance of trace elements in human tissues and fluids has increased significantly due to improvements in analytics. Analytical methods have become useful in exploring the relationship between basic composition of body fluids and tissues, pathological conditions, and general nutritional status in humans. Many authors [6] [7] [8] [9] [10] studied the content of essential elements and toxic metals in human tissues, organs, and body fluids. However, the literature on trace elements status in obesity in children and adults is scarce. The authors concentrate mainly on iron [11] , selenium, zinc [12] , and copper [13] . Little is known about the content of nickel, cadmium, cobalt, or manganese in body fluids of obese children. Very recently, Hasbahceci et al. [14] have described the reverse relationship between BMI and boron level in blood of obese adults.
Published research reveals that dietary deficiencies for certain mineral and trace elements may increase the absorption of toxic metals by certain tissues. Zinc deficiency has shown to increase cadmium deposition in the liver, while iron and copper deficiencies increase cadmium intake in the kidneys [15] . Cadmium affects the metabolism of zinc and copper. Some animal studies have demonstrated that cadmium exposure causes an increase in the urinary excretion of some essential metals, such as copper, zinc, and iron [16, 17] . In one experiment, the adverse effects of increased cadmium intake in animals were prevented by the supplementation of zinc and copper [18] . There is substantial experimental evidence that the apparent clinical toxicity of certain metals may actually be the secondary result of deficiencies for essential trace elements, such as zinc, copper, and iron [19] . Therefore, it is important to know and measure disorders of trace element status in humans because both the alterations in the content and their mutual interactions may play an important role in the pathogenesis of obesity.
Our current studies aim to provide information concerning the content of both essential and nonessential metals in plasma, whole blood, and urine of obese and nonobese children. Authors decided to analyze these three types of body fluids in order to check how obesity influences the distribution of selected metals in the whole blood and plasma, and how urine reflects the possible differences in levels of metals in both studied groups. Mutual correlations of metals and various body fluids and associations with BMI are described as well. It seems that it is the first time high-performance ion chromatography (HPIC) method was used to carry out simultaneous, precise, accurate, fast, and sensitive determination of Cd, Co, Cu, Fe, Mn, Zn, and Ni in blood, plasma, and urine of obese and nonobese children. In order to compare the IC results and, whenever it was needed, to assure lower detection limit, inductively coupled plasma-mass spectrometry (ICP-MS) was applied. Both methods of measurements were performed in two independent analytical laboratories.
Methods

Subjects
Diagnostic tests were performed in children undergoing treatment at the Department of Pediatric Endocrinology and Diabetology, Medical University of Lublin, Poland. Informed consent was obtained from the parents. The study was approved by the ethics Committee of the Medical University of Lublin.
Tests were performed in 81 children who constituted two groups: obese (29 girls and 27 boys, age 6 to 17 years, the average age 12.8 years) and the control group (15 girls and 10 boys, age 8 to 17 years, the average age 13.5 years). The authors are conscious of the fact that increasing the number of patients would improve statistical analysis; however at the present stage of research, it was impossible to include new children. Despite the relatively small sample size, the authors decided to present some interesting results to the scientific community. In the obese group of patients, the overall mean height was 162.6 cm for boys and 154. 6 4.09 mg/dL (controls). Children did not take any mineral supplements or drugs before the samples for analyses were collected. They were not on a special diet prior the tests.
Samples
The studied material consisted of 243 samples of human whole blood, plasma, and urine. Samples taken from healthy and obese patients were pretreated and analyzed in the same way. The blood and urine for the evaluation of trace metals in all the subjects were collected in the morning, before meal. For plasma samples, blood was centrifuged and separated immediately after centrifuging (10 min at 3,000×g). Commercially available anticoagulant-treated tubes (EDTA-treated) were used. Samples were frozen and stored at −40°C until mineralization procedure. All the samples were stored and transported in polypropylene containers.
One milliliter of each type of sample was divided in two parts (each 0.5 mL) in order to have two independent solutions prior to the mineralization procedure. A microwave-assisted highpressure digestion system (UniClever BM-1, Plazmotronika, Poznań, Poland) was used. Each time an acidic digestion with 99 % nitric acid (Sigma-Aldrich, Germany) water solution was applied (1 mL of HNO 3 :9 mL of deionized H 2 O). The conditions of the mineralization procedure had been previously optimized [20] . The obtained solutions were poured into volumetric flasks (PTFE) and when it was necessary they were tenfold diluted with deionized water (18 MΩ cm) before final analysis.
Multielemental Analysis of Body Fluids by HPIC and ICP-MS
After the mineralization, each sample was analyzed at least in triplicate using IC and ICP-MS techniques. Chromatographic analyses were performed on a Dionex DX-500 ion chromatograph (Dionex, Sunnyvale, CA, USA). The detailed procedure of the standard solutions preparation, operating HPIC conditions, and validation of the applied method have been already described in the previous papers [9, 10] Since ICP-MS enables lower LODs than HPIC, metals could be determined thoroughly by ICP-MS. However, the investigations described here had started by the use of HPIC (when ICP-MS was not available). Measurements from these two analytical techniques improve the quality of the presented analytical data. It is known that both HPIC and ICP-MS offer several advantages over conventional methods of metals' determination. HPIC can be considered as being complementary rather than competitive modern analytical technique for determinations of metals thus was included in the research.
Analytical quality control included analysis of certified reference materials Seronorm TM Trace Elements Whole 
Statistical Analysis
The data collected were entered into Statistica 9.0 (Statsoft, Inc., USA) and checked for accuracy. At the first stage of statistical evaluation of data, normality was checked by the use of Lillefors' and Shapiro-Wilks' tests. In case of all variables, the p values of particular tests were lower than 0.05 which proved that results did not come from a normally distributed population. The differences between metal concentration in the groups of studied patients (obese vs nonobese children) and body fluids (i.e., blood, plasma, urine), as well as correlation between variables (i.e., metals), were tested with the use of nonparametric tests (Kruskal-Wallis' and MannWhitney's U) and Spearman's correlation coefficient. The use of multidimensional techniques was inappropriate due to relatively small sample size.
Results
Figure 1 presents scatter plot of body fluids metal concentrations for control (healthy children) and studied group (obese patients). Due to the abnormal distribution of analytical results, Spearman's correlation coefficient was used for the evaluation of metal content according to groups of the patients and the type of body fluid. The correlation coefficient was always tested on three levels of significance: p =0.001, p =0.01, and p =0.05. To avoid publicizing digits much lower than 0.001, we decided to introduce in the entire manuscript (omitting Table 2 ) the following notation: ***p ≤0.001, **p ≤0.01, *p ≤0.05. The data indicated that significant values of correlation coefficient appeared in the control group in plasma (Mn-Cd, −0.47*; Ni-Co, 0.48* ), urine (Cu-Co, −0.49*), and blood (Fe-Cu, −0.74***) as well as in obese group in plasma (Cd-Mn, 0.42**; Ni-Cu, −0.69*; Ni-Zn, −0.91***) and urine (Fe-Cd, 0.30*; Co-Mn, −0.34*). None of statistically significant correlations was found in the blood of obese patients.
To analyze the possible influence of sex on correlation between variables in two groups of patients and body fluids, suitable categorized scatter plots were created. However, the aim was to present general trends in the graphic form and this is why only selected scatter plots are presented in Fig. 2 . Figure 2 reveals that males and females are mixed which suggests that sex criterion does not influence the correlation between metal content in plasma, and in urine separately in obese patients. Similar mixed layout was observed in case of all scatter plots; however, categorized scatter plots of Mn vs Cd (plasma) and Mn vs Co (urine) were selected as an example. More detailed correlation analysis was performed in the next stage. The aim of it was to explore the character of correlation between metals' content in all possible combinations of the types of body fluids in both studied groups. To maximize the clarity in Table 1 , only statistically significant coefficients were included.
Besides the correlations mentioned previously for corresponding types of body fluids, several statistically significant correlations were found in both groups in non-corresponding combinations of body fluids. In the group of obese patients, directly proportional correlations were found between Ni (blood) and Co (plasma), Ni (blood) and Ni (plasma), Cu (blood) and Cu (urine), Co (plasma) and Cu (urine), Mn (plasma) and Co (urine), Fe (plasma) and Zn (urine), and Mn (plasma) and Ni (urine), while inversely proportional between Co (blood) and Fe (plasma), Ni (blood) and Zn (plasma), Zn (blood) and Cd (urine), and Zn (plasma) and Mn (urine). Several directly and inversely proportional correlations were also found for metals' content in non-corresponding types of body fluids in the control group. Figure 3 presents mutual dependence of Ni and Zn content in the body fluids (see Table 1 for the most significant correlations) found in obese patients. At the next stage, the differences between median values of analyzed metals according to various criteria were tested. The possible role of sex as a discriminating factor was checked again. The median content of heavy metals in both sexes in the control group and obese patients (with and without taking into consideration the type of body fluid) was tested by the use of Mann-Whitney U test on p =0.05. Statistically significant differences between the content of metals in both sexes were not found (p >0.05) in neither the obese nor the control group. That means that sex does not play any important role as a discriminating factor when the type of body fluid is not taken into consideration. On the other hand, when the type of body fluid was taken into consideration, uncommon statistically significant differences between content of metals according to sex were found. In obese patients, the median concentration of Zn in plasma of boys was higher (0.94 mg/L) than girls (0.87 mg/L). In the control group, the median concentration of Co and Mn in blood as well as Mn in plasma was higher for boys (0.037, 0.017, and 0.009 mg/L) than for girls (0.033, 0.015, and 0.008 mg/mL). On the contrary, Zn median concentration in blood and urine was higher for girls (9.34 and 0.71 mg/L, respectively) than for boys (9.19 and 0.58 mg/L, respectively). This is why in the consecutive testing both discriminating criteria (the type of patient and the type of body fluid) were taken into consideration (Table 2 ). In the majority of cases, there was a difference found between median concentration of the given metal in various types of body fluids (blood vs plasma vs urine) in obese and healthy groups (Table 2) . To identify the pairs of body fluids with statistical difference in the metal content, a multiple comparison Kruskal-Wallis' test was applied (p =0.05). In the majority of cases, the difference in the median concentration was found in all combinations, i.e., blood vs plasma, plasma vs urine, and blood vs urine. No differences were found for median concentration of Cu in plasma and blood and Mn in urine and plasma of obese patients. Figure 4 presents the example of differences between the content of specific metals (Zn and Ni) in particular matrices for both groups. To maintain the brevity, only Zn and Ni were chosen leaving out the correlations between other metals. This choice is justified by highly statistically significant correlation coefficient between Zn and Ni content in various body fluids (Table 2) . Zinc is the element most often described in relation to obesity; however, it is difficult to find a simultaneous analysis of its content in plasma, blood, and urine. On the other hand, nickel is generally omitted in studies as a nonessential element therefore little is known about changes in its concentration in obesity, and especially in body fluids in obese children.
Correlation Between BMI and Content of Studied Metals
Only few statistically significant correlations (p ≤0.05) between BMI and content of metals in studied body fluids were discovered, and most of them were inversely proportional. Negative correlations between BMI and Zn in blood (r =−0.66), Cu in plasma (r =−0.87), and Fe in urine (r =−0.78) were found for boys in the control group. Only one negative correlation was found (BMI vs Co in plasma: r =−0.59) for girls in the control group. However, positive correlation between Co content in plasma and BMI (r =0.40) was found for the obese boys.
Discussion
The consequences of changes in trace elements (mainly deficiency) in children are much more important for the health of the public than is generally realized. Zinc, in particular, has been the element of greatest interest to many researchers. It takes part in the metabolism of hormones involved in the pathophysiology of obesity. Zinc plays a major role in the stabilization of insulin hexamers and the storage of hormone in the pancreas [21] . It is also an efficient antioxidant [22] . Zinc is of critical importance in certain metabolic pathways, acting as a cofactor for numerous enzymes in the metabolism of carbohydrates, proteins, and lipids. Zinc also plays a catalytic and structural role in tissue formation and hormone receptor activation [23] . Few studies about the role of Zn in obesity were published [12, 24] . Some demonstrated a reduction in the concentration of zinc in plasma in obesity. According to literature [25] , zinc concentrations in plasma and erythrocytes were significantly lower in the obese group. Urinary zinc excretion was significantly higher in the same group. The results seem to indicate that zinc nutritional status in obese individuals is altered. Low zinc content was reported in lymphomonocytes in obese children [26] and in the serum and hair in obese adults [27] . Low serum zinc levels in obese patients have been correlated with an increased urine excretion, suggesting that low levels in plasma are indicative of the metabolic complications in obesity [28] . Our study confirms the significantly lower value of Zn content in obese children than in the blood of healthy children. The decrease was observed both in plasma and in urine. Recent interest in determining copper content has been aroused by the observation of metabolic anomalies present in a number of diseases (such as obesity) and the interest in the role that deficiency/excess of minerals may play in these disease processes [29] . Cu is a component of antioxidant enzymes that act to protect the body against the action of free radicals, especially in cardiovascular diseases. An imbalance in the metabolism of Cu might trigger hypercholesterolemia and disorders in oxidative stress [30] . Increased Cu-Zn superoxide dismutase activity has been verified in obese children [31] as well as total circulating Cu [32] . Remarkable observations have been made on Cu disorders associated with lipoprotein oxidation. Early detection of these Cu disorders could play an important role in determining treatment and prevention strategies. Erythrocytes are the preferred biomarker of Cu since these cells are more independent of inflammatory and hormonal processes. There is some evidence suggesting that erythrocytes are more stable in their Cu content, unlike plasma which may be influenced by diet and circadian rhythms [33] . In the work of Lima et al. [34] , the copper concentrations in plasma in the overweight and obese male groups were significantly higher than those in the control group. According to Hatano et al. [35] , Cu concentration in erythrocytes was lower than in plasma. The results found by the authors suggest that excess weight associated with lipid metabolism disorders might predispose to changes in Cu concentrations in plasma in obesity, which is more evident in males, indicating a possible mechanism of this mineral, contributing to peroxidation or acting as an antioxidant. In the present study, the median Cu concentration in the blood in obese children was lower, but in plasma slightly higher than in the control group. In urine, there were no significant differences between the two groups. Iron has received a great deal of attention and has been found to be low in obese patients. However, the etiology of the hypoferremia in obesity has remained uncertain [36] . According to the studies of Pinhas-Hamiel et al. [37] , overweight and obese children demonstrated an increased prevalence of iron deficiency. However, the authors pointed at the use of only serum samples as the limitation of their study because it did not include the information about possible factors, which could decrease iron content in serum (i.e., infections or inflammations). In the present study, the median concentration of Fe in blood in obese children was lower than in controls. The same decrease was observed in plasma in comparison with the control group and in urine.
Little is known about the influence of cobalt concentration on obesity in general. In the study of Tascilar et al. [38] , Co content in serum was determined in 34 obese children (in obese it was significantly lower than in controls). Cited studies suggest that Co may have an effect on human glucose metabolism. In the present study, Co concentration in blood of obese children was lower than in controls. The same decrease was observed in plasma in comparison with the control group. In urine, the difference was not significant. Unfortunately, we were not able to find any research on the determination of Ni in obese children, except the study by Tascilar et al. [38] . The cited authors determined Ni (in microgram per liter) in serum of obese children (0.78±0.68) and in control group (1.17±0.65, p =0.051). It seems that Ni was not studied in matrices other than serum. Studies on animals suggest that nickel may also alter glucose homeostasis by affecting insulin secretion [39, 40] . Thus, more studies are needed on the effect of Ni on obesity in children. Studies on manganese in obesity are equally scarce. Animal studies confirmed that the deficiency of Mn incurred worsened glucose tolerance and serum HDL degradation [41] .
Although the interactions between essential and nonessential trace elements have been studied for many decades, the effect of these interactions on obesity is not often studied in practice [42] . Toxic metals may contribute to obesity by influencing various aspects of metabolism, such as by substituting for essential elements or by inducing oxidative stress [43] . An excess of one element may decrease the bioavailability of another. On the other hand, deficiency in one trace element may impair the absorption of another, e.g., copper deficiency impairs iron absorption, intermediate to high levels of manganese interfere with iron metabolism, excess copper decreases zinc absorption, and cadmium interacts with iron to decrease its bioavailability. There is also evidence for a direct cobalt-iron antagonism; cobalt is more efficiently absorbed in iron deficiency. It has been reported that high dietary calcium intake reduces zinc absorption and balance in humans [44] ; on the other hand low-calcium intake predicts excess body weight and fat in children and adolescents [45] .
The outcome of an interaction may be a modification of toxic effects or, in the case of essential elements, a deficiency, or an excess [46] . In order to better judge the susceptibility to trace element toxicity and to determine deficiency and excess, a better understanding of basic interactions is needed [47] . The complex interactions between zinc, copper, or cadmium can be partly explained by their interactions with metallothioneins which may cause tissue deposition of certain metals and play an important role in the uptake of toxic metals [48] . The problem is more complicated because the trace element content in human body is influenced by many factors (e.g., age, sex, diseases, drugs, diet supplements, nutritional habits). If possible, each element should be studied in more than one biofluid. The present study confirms the inversely proportional correlation between Mn-Cd in plasma, Cu-Co in urine, and Fe-Cu in blood of healthy children, and Ni-Cu, Ni-Zn in plasma and Co-Mn in urine of obese children. Proportional correlations have been found in plasma between Ni and Co in healthy, and between Cd and Mn in obese children. Fe and Cd also correlated positively in urine in obese children. It was also found that sex criteria did not influence the correlations between metal content in plasma and urine in the group of obese patients (Fig. 2) . When the type of body fluid was taken into consideration, rare statistically significant differences between metal content and sex were found (Table 2) .
There were a surprisingly large number of correlations between elements in all three types of body fluids (Table 1 ).
In the group of patients with obesity, directly proportional correlations were discovered between Ni (blood) and Co (plasma), Ni (blood) and Ni (plasma), Cu (blood) and Cu (urine), Co (plasma) and Cu (urine), Mn (plasma) and Co (urine), Fe (plasma) and Zn (urine), and Mn (plasma) and Ni (urine), while inversely proportional between Co (blood) and Fe (plasma), Ni (blood) and Zn (plasma), Zn (blood) and Cd (urine), and Zn (plasma) and Mn (urine). It seems that such correlations between so many elements and matrices have not been shown before. Their interpretation requires more studies, since some can be also age-dependent, e.g.,. like serum Zn and Cu [49] .
As far as BMI is concerned, several reports have shown an association between serum zinc and copper levels and BMI [50] . Studies of Padilla et al. [43] suggest that the association of some heavy metals (like cadmium or cobalt) with BMI remains unclear. For example, according to the authors of the cited study, cadmium and cobalt were negatively associated with BMI. However, the amounts were assessed only in urine samples and such samples reflect only recent exposures. The results of this study revealed that BMI correlated negatively with Zn in blood, Cu in plasma, and Fe in urine in boys in the control group. Only one negative correlation was found (BMI vs Co in plasma) in girls in the control group. However, positive correlation between Co content in plasma and BMI was found in boys in the obese group. Our findings correlate with the study by Nead et al. [51] , which showed that the prevalence of iron deficiency increases as BMI increases from normal weight to a risk for overweight and to overweight. It seems that this is the first study to examine the relationship between Cd, Co, Mn, or Ni concentrations in body fluids of children and BMI.
Conclusion
The study demonstrates that there are considerable differences between the content of some metals in body fluids of obese and nonobese children. These differences may be indicators of aberrations in physiology or pathology (like obesity). Our findings suggest that especially iron, zinc, copper, and cobalt levels should be monitored in children with elevated BMI in order to avoid deficiency problems. Increasing interest should be also directed towards interactions between different elements. A combination of blood analysis with that of plasma and urine can be more reliable than single-specimen analysis. In order to assess the levels of metals in relation to obesity, the best way (though not from an economic point of view) seems to be the correct analysis of all three types of biological fluids. The findings reflect various distributions of different metals in blood plasma and the whole blood of obese and nonobese children. The reliance exclusively on the analysis of the urine does not give complete information about the patient's condition. Both HPIC and ICP MS methods enable sensitive and accurate evaluation of the concentrations of metals on nanogram per liter or lower levels.
